Coastal cliff erosion from storm waves is observed worldwide but the processes are notoriously difficult to measure during extreme storm wave conditions when most erosion normally occurs, limiting our understanding of cliff processes. Over January-February 2014, during the largest Atlantic storms in at least 60 years with deep water significant wave heights of 6 -8 m, cliff-top ground motions showed vertical ground displacements in excess of 50 -100 μm; an order of magnitude larger than observations made previously. Repeat terrestrial laser scanner surveys over a 2-week period encompassing the extreme storms gave a cliff face volume loss 2 orders of magnitude larger than the long-term erosion rate. The results imply that erosion of coastal cliffs exposed to extreme storm waves is highly episodic and that long-term rates of cliff erosion will depend on the frequency and severity of extreme storm wave impacts.
Introduction and Background
Wave pressure fluctuations on the ocean floor generate microseismic ground motions both at the coast and hundreds of kilometers inland. Seismologists and oceanographers have used this ocean-driven microseismic activity as a proxy for hindcasting wave climate (Zopf et The cliff-top ground motions generated from local ocean waves can be categorized into three major frequency bands: (1) high-frequency (HF) 1 -50 Hz (1 -0.02 s), reflecting the natural frequency of the ground as it 'rings' in direct response to wave impact and breaking waves (Young et al., 2013) ; (2) low-frequency cliff motion or ''flexing'' generated by individual sea-swell or single-frequency waves (SF) 0.1 -0.05 Hz (10 -20 s) (Adams et al., 2005) ; and (3) infragravity waves (IG) < 0.05 Hz (> 20 s) (Young et al., 2011; 2012) Previous studies primarily focus on low to moderate incident ocean wave conditions and observations of the impacts of extreme wave events are rare. This study describes a unique set of observations made during exceptionally energetic storm conditions on a coastal cliff in the southwest U.K (occurring 31 st Jan -6 th Feb 2014). The winter of 2014 was one of the most energetic periods the region has seen since the 1950's (NOAA, 2014) and brought over 10 storms with significant wave heights in excess of 6 m (the 1% exceedance limit). This study relates cliff-top seismic observations to visual observations of storm wave activity using both in-situ and remote instrumentation. The cliff-top observations are placed in a longer-term context by comparing cliff-face changes that occurred over this extremely energetic period, obtained from terrestrial laser scanning, with the annual cliff-face development over the last 50 yrs.
Study Site
The study site ( Fig. 1) is situated on the southwest peninsula of the UK along a 300-m stretch of uninhabited cliffed coastline southeast of Porthleven, UK. Facing southwest towards the Atlantic Ocean, the site is subject to a highly energetic wave climate, being exposed to both locally generated wind waves and Atlantic swell from the south and southwest (Scott et 
Methods

Wave climate
Deep water wave conditions were obtained from the Seven Stones offshore light-vessel southwesterly swell directions (180 -225°) were only 5% smaller than the wave height measured at the Porthleven wave buoy. The inshore Looe Bay wave data were therefore considered representative for the wave conditions at Porthleven, and were deshoaled using linear wave theory to obtain deep water wave conditions. The deep water significant wave height (H s ) and peak wave period (T p ) were subsequently used to compute the deep water wave energy flux (P) using (Komar, 1998; Masselink et al., 2011 ):
where ρ is the density of seawater (1025 kg/m 3 ), g the gravitational acceleration (9.81 m/s 2 )
and C g the deep water group wave speed:
Video capture
The slightly embayed nature of the cliffs provided a promontory from which a GoPro® waterproof video camera inside a closed-circuit television casing was deployed, facing north alongshore, towards the cliffs. The videos were GPS time-synced and closely inspected for cliff collapses, large wave impacts, and wave overtopping events for a 4:30 hour period as the tide dropped from high-tide to mid-tide during the most energetic storm wave event (5 th Feb 2014). The video camera provided a qualitative, but detailed account of the hydrodynamics during the seismometer deployment.
Cliff-top ground motion
The cliff-top ground motion was recorded using a Nanometrics Compact Trillium broadband seismometer sampling at 100 Hz. The seismometer response has 3 dB corners at 0.0083 and 
Seismic data processing
The raw ground vertical velocity data from the seismometer were corrected for phase and magnitude according to the instrument response curve. Hourly segments were band-passed in the frequency domain to investigate ground motions over three frequency bands: high- 
Cliff-face volumes -Terrestrial laser scanning
Monthly scans of a 300-m cliff section at Porthleven were conducted using a Leica P20
terrestrial laser scanner over a 1-year period from July 2013 to July 2014 to enable linking the wave impacts on the cliff, to cliff development. Volumetric changes at the cliff-face were computed from these scans using a direct point-to-point cloud comparison method (Lague et al., 2013) .
Observations
Waves and water levels
The deep water wave buoy data presented in Figure 2a show two exceptionally large storm wave events within our 7-day window. At this buoy location, the first storm on 1 st Feb had larger waves than the second storm on 5 th Feb (H s > 10 m, T p > 14 s, compared to H s > 8 m and T p > 12 s, respectively); however, the wave direction during the second storm was more southerly, delivering more wave energy to the Porthleven coast. This is confirmed by the inshore wave buoy statistics, which show more energetic wave conditions during the second storm (H s > 7 m ) compared to the first storm (H s > 5 m). Maximum wave energy during both storms coincided with high-tide (Fig. 2a) .
Cliff-top ground velocities and energy spectra
The cliff-top ground velocities increased with increasing incident wave height and tide level (Fig. 2b) . The largest velocities occurred during the two extreme storm wave events on 1 st and 5 th Feb when significant wave heights offshore reached 6 -8 m (Fig. 2a) .
Comparison with inland seismic vertical velocity energy data (Fig. 2d) The total hourly vertical velocity energy is a function of both incident wave energy and the tidal elevation (Fig. 3) . Lower-energy values are seen at all states of tide, yet only associated with lower wave energy flux (< 100 kW/m). The highest velocity energy (an order of magnitude greater than 'normal') only occurs during very energetic wave conditions and during higher tidal elevations (where cliff-top velocity energy exceeded 1000 μm 2 /s 2 /Hz and wave power exceeded 200 kW/m). The largest contribution during energetic wave conditions and at higher tidal elevations is from energy at infragravity-frequencies.
Displacements under extreme wave conditions
In previous cliff-top ground motion studies with significant wave heights up to 5 m, vertical displacements rarely exceeded 10 μm (Adams et increased by an order of magnitude (Fig. 4b) , where the vertical displacements increased from 5 -10 μm under calmer periods to > 50 μm under energetic conditions. These greatest vertical displacements occurred during the second storm event at high-tide ( During each overtopping event, the camera footage showed large volumes of water impacting 1 the top of the cliff and cascading down the cliff-face for a limited amount of time (from 2 anywhere between 10 seconds to 2 minutes), the duration of which depended on the scale of 3 overtopping (Fig. 5a) . The cameral footage commenced 30 mins prior to the peak of the high-4 tide. Wave overtopping was recorded from this point and for up to 90 mins after the peak of 5 the tide. Although cliff collapses cannot be directly coupled with ground displacements, there 6 appeared to be a period of time around the high-tide where the majority of failures and wave 7 overtopping occurred. Ground displacement increased in magnitude over this period of 8 elevated tidal levels, suggesting that the cliff underwent an amplified series of strains and 9 flexure mechanisms during times of wave overtopping. Although the timings of the intensive 10 ground placements did not coincide exactly with the cliff failures, the period of energetic cliff 11 motion coincided with the period of frequent cliff failures. 12 
Geomorphic perspective and relation to cliff-face development
13
The consequences of these unusually large-scale cliff-top displacements (50 -100 μm) under 14 the largest wave conditions seen in 60 yrs in terms of rock damage from coastal flexing areunknown. However, previous research has suggested that although displacements under 16 'normal' conditions are not likely to contribute towards weakening of rock structures, 17 episodic displacements caused by extreme wave conditions may be responsible for failure in 18 metasedimentary cliffs (Brain et al., 2014) . 19
The long-term annual retreat rate for Porthleven, obtained from aerial photography and 20 
